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To: Commander
US Army Medical Research and Material Command
ATTN: MCMR-RMI-S
504 Scott Street
Fort Detrick, MD 21702-5012
Re: Annual progress report for Christopher Van

Statement of Work:
The specific tasks of this proposal are

Task 1: Test the hypothesis that single-stranded DNA (ssDNA) and a primer-template junction
are sufficient for checkpoint activation

Task 2: To determine if DNA unwinding and additional primer synthesis are necessary for
checkpoint activation.

Previous Findings:
Tony Byun, the previous PI for this proposal, had shown that replicating ssDNA could activate
an ATR-dependent checkpoint response, read out by phosphorylation of Chkl. Following
depletion of replication and checkpoint proteins, he found that this response was dependent on
Polymerase a, ATRIP (ATR-interacting protein), the Rad9-Husl-Radl complex, and RPA. A
collaboration with Dr. Johannes Walter's lab further showed that DNA hyperunwinding was
required for checkpoint activation, leading to the model that a functional uncoupling between the
polymerase and helicase activities generates a checkpoint activating structure, which we believe
to be primed ssDNA (Byun et al, 2005). A copy of this manuscript is attached.

Key Accomplishments:
* We have generated structures composed of primed single-stranded DNA and shown that these
structures are able to activate the checkpoint as read out by Chkl phosphorylation and inhibition
of origin firing. We have also designed structures based on these experiments that cannot be
elongated/extended when put into the extract system. These were necessary to test the idea that
replication/elongation might be playing a role in checkpoint activation. Using primers with 3'
and 5'-blocked ends, we have shown that the 5'-end is critical for checkpoint activation and that
primed ssDNA is sufficient.

* We have adapted and optimized an assay to detect and quantitate primer synthesis during
checkpoint activation. Primers are first labeled during checkpoint activation through
incorporation of radiolabeled nucleotides. Samples are then run out on a urea denaturing gel to
separate the primers and the gel is exposed to a phosphorimager screen for analysis. Using this
method, we can detect primers smaller than 330 bp and clearly resolve those under 100 bp.
Primer synthesis can be quantitated using ImageQuant software from Amersham Biosciences.

* Using the Xenopus egg extract system, we have shown that during aphidicolin-induced
checkpoint activation, primers are synthesized on unwound plasmids during checkpoint
activation. Primers are first detected shortly after the plasmid becomes hyperunwound, and this
is quickly followed by phosphorylation of Chkl. This supports our model of checkpoint
activation where uncoupling between the helicase and polymerase leads to large stretches of
ssDNA upon which Polct synthesizes primers. These primer-template junctions then activate the



P

checkpoint response. Since it was previously shown that Chkl phosphorylation increases
proportionally with the amount of unwound DNA, we are currently performing further
experiments to determine if primer synthesis also increases proportionally with unwinding.

* Short primers (20-100 bp) are synthesized at the onset of unwinding. Over this range, the
predominant primer lengths are approximately 40, 60, and 80 bp. This regular distribution may
be due to the processivity of PolcL. These primers are then elongated to a length of 100-330 bp.
Elongation was determined by performing a pulse-chase experiment, where primers were
initially labeled with radionucleotides and then excess unlabeled nucleotides were added to
prevent further incorporation of radionucleotides. This method allows us to track the population
of labeled primers over time. We also plan to use this technique to determine if new primers are
continually synthesized during the checkpoint response by pulsing in radionucleotides at
different times after checkpoint activation.

* We have further characterized these DNA primers to be replication dependent and Polk
dependent. Following treatment with geminin, which prevents replication, primer synthesis is
lost along with checkpoint activation in response to aphidicolin. To verify that primer synthesis
was Pola dependent, we added increasing concentrations of aphidicolin sufficient to block all
nucleotide incorporation by Polos. At these concentrations, plasmid unwinding was still detected
but no primer synthesis occurred.

Work in Progress:
Current work in our lab has shown that a synthetic structure consisting of M13 ssDNA with one
annealed oligonucleotide (called 1-80) is capable of activating the checkpoint in a replication
independent manner, confirming our model that primed ssDNA is the checkpoint activating
signal (see above). To determine if the amount of ssDNA following a primer affects the level of
Chkl phosphorylation, an oligonucleotide will be annealed to a smaller ssDNA plasmid. This
structure and the original structure will be added to Xenopus egg extract in equal amounts and
the levels of Chkl phosphorylation will be compared. If ssDNA following a primer-template
junction amplifies the checkpoint response, then the original M 13 1-80 structure will yield higher
levels of Chkl phosphorylation than the smaller plasmid. We are also developing a protocol for
analyzing proteins bound to ssDNA using a peptide-nucleic acid (PNA) sequence. This will
allow us to determine protein binding requirements during checkpoint activation using the 1-80
structure.

Reportable Outcomes:
- We have published the following manuscript, a copy of which is attached: Byun, T. S., Pacek,
M., Yee, M-C., Walter, J., Cimprich, K. A. (2005) Functional uncoupling of MCM helicase and
DNA polymerase activities activates the ATR-dependent checkpoint. Genes and Development,
19, 1040-1052.

• We have submitted a manuscript outlining multiple protocols used by our lab to activate the
checkpoint pathway in Xenopus egg extract.

• Tony Byun, the original recipient of this award, received his Ph.D. and took a position at
Catalyst Biosciences based on training received and supported by this award.
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Functional uncoupling of MCM helicase
and DNA polymerase activities activates
the ATR-dependent checkpoint
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The ATR-dependent DNA damage response pathway can respond to a diverse group of lesions as well as
inhibitors of DNA replication. Using the Xenopus egg extract system, we show that lesions induced by UV
irradiation and cis-platinum cause the functional uncoupling of MCM helicase and DNA polymerase
activities, an event previously shown for aphidicolin. Inhibition of uncoupling during elongation with
inhibitors of MCM7 or Cdc45, a putative helicase cofactor, results in abrogation of Chkl phosphorylation,
indicating that uncoupling is necessary for activation of the checkpoint. However, uncoupling is not sufficient
for checkpoint activation, and DNA synthesis by Polot is also required. Finally, using plasmids of varying size,
we demonstrate that all of the unwound DNA generated at a stalled replication fork can contribute to the
level of Chkl phosphorylation, suggesting that uncoupling amplifies checkpoint signaling at each individual
replication fork. Taken together, these observations indicate that functional uncoupling of MCM helicase and
DNA polymerase activities occurs in response to multiple forms of DNA damage and that there is a general
mechanism for generation of the checkpoint-activating signal following DNA damage.

[Keywords: ATR; DNA damage; Xenopus; checkpoint]

Received January 25, 2005; revised version accepted March 8, 2005.

The DNA damage response pathway is a cellular surveil- well as chemicals that disrupt replication, such as
lance system that senses the presence of damaged DNA aphidicolin and hydroxyurea (HU) (Zhou and Elledge
and elicits an appropriate and effective response to that 2000; Cortez et al. 2001; Melo and Toczyski 2002). Fol-
damage. First identified as a regulator of cell cycle tran- lowing DNA damage, ATR phosphorylates and activates
sitions, the DNA damage response pathway has since the checkpoint kinase Chkl (Melo and Toczyski 2002).
been shown to regulate a number of other cellular pro- In higher eukaryotes, the phosphorylation of Chk1 also
cesses, which include DNA repair, apoptosis, and repli- requires the activities of the Rad9-Radl-Husl (RHR, aka
cation fork stabilization (Zhou and Elledge 2000; Cim- 9-1-1) complex and Claspin (Melo and Toczyski 2002).
prich 2003). The importance of this pathway is demon- The RHR complex is a PCNA-related complex that is
strated by the conservation of this response from yeast to loaded on to primed DNA in vitro (Ellison and Stillman
humans (Zhou and Elledge 2000; Melo and Toczyski 2003; Zou et al. 2003) and is recruited to sites of DNA
2002) and by several studies that have shown that loss of damage in vivo (Kondo et al. 2001; Melo et al. 2001).
checkpoint proteins predisposes affected individuals to Claspin was initially identified as a protein that bound
cancer (Sherr 2004). the activated form of Chkl, and it has been shown to

One critical component of the DNA damage response bind chromatin throughout S phase (Kumagai and Dun-
pathway is the ATR-ATRIP complex. ATR is a phospha- phy 2000; Lee et al. 2003).
tidylinositol kinase-related protein kinase that is We and others previously showed that recruitment of
thought to function as both a sensor and transducer in ATR and Radl to chromatin (Lupardus et al. 2002) and
the DNA damage response. ATR, and its associated pro- activation of Chkl (Lupardus et al. 2002; Stokes et al.
tein ATRIP, respond to a broad spectrum of genotoxic 2002) requires DNA replication in Xenopus egg extracts
agents that includes ultraviolet light (U-V), topoisomer- following several types of DNA damage. Studies in
ase inhibitors, alkylating agents, and cis-platinum, as mammalian cells also indicate that ATR binds UV-dam-

aged chromatin in S phase but not Gi phase (Ward et al.
2004). In addition, other studies show that a replication

3
Corresponding author, fork must be established in Saccharomyces cerevisiae

E-MAIL cimprich@stanford.edu; FAX (650) 725-4665.
Article published online ahead of print. Article and publication date are for checkpoint activation induced by methylmethane
at http://www.genesdev.org/cgi/doi/1O.1101/gad.1301205. sulfonate (MMS) (Tercero et al. 2003). Taken together,
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Helicase and polymerase uncoupling activates ATR

these observations suggest that one or more replication- uncoupling of helicase and polymerase activities and
dependent events are needed to generate the signal that that these lesions, as well as aphidicolin, may generate a
ATR recognizes for many types of DNA damage. common checkpoint-activating DNA structure. More-

Although the exact nature of the biochemical signal(s) over, while stalling the replication fork with aphidicolin
responsible for activating the ATR pathway and the rep- results in a robust checkpoint response, we find that
lication-dependent steps necessary for its formation are aphidicolin elicits no checkpoint when the MCM DNA
still unclear, evidence from a number of different sys- helicase is inactivated. Using plasmids of varying sizes,
tems supports a central role for replication protein A we also show that functional uncoupling of DNA un-
(RPA)-coated single-stranded DNA (ssDNA) in the re- winding and DNA synthesis during S phase may serve to
sponse. In yeast, certain RPA mutants exhibit a check- amplify the level of Chkl phosphorylation that can be
point defect and also adapt more rapidly to DNA damage achieved at each individual replication fork. Finally, we
(Longhese et al. 1996; Pellicioli et al. 1999). In addition, demonstrate that although DNA unwinding is necessary
knock-down of the ssDNA-binding protein RPA results for checkpoint activation, it is not sufficient and that
in a significant loss of both Chkl phosphorylation and additional DNA synthesis by Polk is needed. Taken to-
ATR foci formation following DNA damage in mamma- gether, these results suggest that functional uncoupling
lian cells (Zou and Elledge 2003). In Xenopus egg ex- of helicase and polymerase activities is necessary to con-
tracts, RPA is also required for the recruitment of ATR vert DNA lesions and chemical inhibitors of DNA rep-
to chromatin following treatment with aphidicolin (You lication into the signal(s) that activate the ATR-depen-
et al. 2002) or etoposide (Costanzo et al. 2003) and for the dent checkpoint.
recruitment of ATR to poly(dA)7 o ssDNA (Lee et al.
2003). Importantly, in vitro experiments have shown
that RPA is sufficient for the binding of ATRIP to Results
ssDNA (Zou and Elledge 2003) and that RPA also facili- ATR, Radi, and Claspin-mediated checkpoint
tates the association of the RHR complex with DNA activation with plasmid DNA
(Ellison and Stillman 2003; Zou et al. 2003).

Interestingly, the amount of ssDNA appears to in- We and others have previously shown that addition of
crease following genotoxic stress, as RPA accumulates aphidicolin, MMS, and UV-treated chromatin to Xeno-
on chromatin in Xenopus extracts and mammalian cells pus egg extracts leads to replication-dependent accumu-
treated with UV, MMS, HU, or aphidicolin (Michael et lation of RPA on chromatin (Michael et al. 2000;
al. 2000; Mimura et al. 2000; Walter 2000; Lupardus et al. Mimura et al. 2000; Walter 2000; Lupardus et al. 2002).
2002; Zou and Elledge 2003). Moreover, in budding yeast, This observation indicates that ssDNA accumulates fol-
increased amounts of ssDNA have been observed by lowing these forms of DNA damage and that some rep-
electron microscopy following HU treatment (Sogo et al. lication-dependent event is necessary for that accumu-
2002). In the case of DNA damage, the mechanism by lation. Using the Xenopus egg extract system, we have
which this ssDNA accumulates is not known, nor is it also shown that aphidicolin treatment can lead to the
clear if ssDNA accumulation is required for checkpoint formation of a highly unwound form of plasmid DNA,
activation. In principle, a number of DNA repair (e.g., suggesting that the activity of the helicase can become
nucleotide excision repair, base excision repair) and re- uncoupled from the DNA polymerase (Walter and New-
combination processes could lead to the generation of port 2000). We wanted to determine if the topological
ssDNA following DNA damage at several points in the changes that occur in plasmid DNA following aphidico-
cell cycle. Alternatively, during DNA replication, lin treatment are coupled to checkpoint activation.

* ssDNA could be formed if DNA polymerases are slowed Thus, we first tested the idea that the ATR-mediated
, by lesions and the replicative helicase continues to un- checkpoint could be studied using plasmid DNA. For

wind DNA. Indeed, uncoupling of helicase and polymer- these studies we used a completely soluble system de-
ase activities has been previously observed in the pres- rived from Xenopus egg extracts that allows replication
ence of aphidicolin (Walter and Newport 2000), and re- of plasmid DNA (Walter et al. 1998). Efficient replication
cent studies have shown that this aphidicolin-induced of plasmid DNA or chromatin in this system requires
uncoupling is dependent on the MCM helicase (Pacek the initial incubation of the DNA in cytosol to assemble
and Walter 2004). the prereplication complex (pre-RC). Subsequent addi-

In this study, we used a cell-free extract system de- tion of a concentrated nucleoplasmic extract (NPE) sup-
rived from Xenopus eggs (Walter et al. 1998) to examine plies high levels of cdk2 and cdc7 kinase activities,
the mechanism by which ssDNA accumulates following thereby allowing initiation of DNA replication (Walter
DNA damage. We demonstrate that the appearance and 2000; Prokhorova et al. 2003).
disappearance of a highly unwound form of plasmid When plasmid DNA was incubated with cytosol and
DNA that accumulates following aphidicolin treatment then supplemented with NPE containing aphidicolin,
(Walter and Newport 2000) correlates with the phos- Chkl underwent robust phosphorylation on 8344 (Fig.
phorylation of Chkl on Ser 344 (S344). Importantly, this 1A, lane 3). This residue is phosphorylated in an ATR-
hyperunwound form of DNA was also observed upon dependent manner following UV and aphidicolin treat-
replication of plasmid DNA damaged with either UV or ment (Guo et al. 2000; Hekmat-Nejad et al. 2000; Liu et
cis-platinum. This suggests that DNA damage induces al. 2000). Incubation of UV-damaged plasmid DNA in
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Figure 1. Characterization of checkpoint ac- A B C
tivation using plasmid DNA. (A) Initiation of - - + + . . . + . Aphidicolin

replication on plasmid DNA is required for . + + - - + UV o&... .. . .. .+ Geminin , ••'

Chkl phosphorylation in response to aphidi- - + + - + + p27 00;ni,
colin and UV damage. Plasmid DNA was left Chki P-$344 oadaspina)

untreated or pretreated with UV irradiation ATRIP sl

(1000 J/m'), incubated in cytosol for 30 min, Chkl a- - - RPA70
and then transferred to an equal volume of
NPE in the presence or absence of aphidicolin 32P-dCTP

(13 pM) as shown. Geminin was preincubated

in cytosol at a concentration of 2 jaM for 15 123456789
rain prior to DNA addition, and p27I' was D E +

added to NPE at a concentration of 10 pM im- Mock -Radi -ATRIP Mock -Claspin rClaspin
mediately before addition to cytosol. Samples - + + - -+ - - + + Aphidicolin - - + + - - + + ++ Aphidicolin

were analyzed for phospho-Chkl ($344) or to- 20'40'20'40'20'40'20'40'20'40'20140' Time in NPE 20'40'20'40'20'40'20'40'20'40' lime in NPE

tal Chkl by immunoblotting. Replication was 33 Chkl P-S344 IM I I I Chkl P-S344

analyzed in parallel by incorporation of [,auP]- .. ..

dCTP into plasmid DNA followed by agarose -6 No Chkl -0 40"0 Chkl
gel electrophoresis and autoradiography. (B,C) 1 2 3 4 5 6 7 8 9 10

Immunodepletion of Radl, ATRIP, or Claspin.
NPE was incubated with rabbit IgG (mock), a-Radl, a-ATRIP, or cc-Claspin antibodies, and the levels of each protein in depleted
extracts were analyzed by immunoblotting. (D,E) Radl, ATRIP, and Claspin are required for plasmid-mediated checkpoint activation.
Depleted extracts were used to replicate plasmid DNA in the presence or absence of aphidicolin as described in A. Samples were taken
post-NPE addition at the indicated times and immunoblotted as in A. (Lanes 9,10) Recombinant Claspin (6 nM) was added to cytosol
after immunodepletion.

cytosol followed by NPE also led to phosphorylation of 2000). We found that this hyperunwound form of DNA
Chkl on the same residue (Fig. IA, lane 5). Inhibition of (U form) was generated in a reversible manner at con-
replication with geminin (McGarry and Kirschner 1998) centrations of aphidicolin as low as 1.3 paM and that in-
or p27"' (Walter and Newport 2000) resulted in a corn- creasing the concentration of aphidicolin led to a dose-
plete loss of Chkl phosphorylation following both UV dependent persistence of this unwound form. Aphidico-
and aphidicolin treatment, indicating that both re- lin was added to the cytosol prior to the initiation of
sponses are replication-dependent (Fig. 1A, lanes 4,6,8,9). replication triggered by NPE addition. To determine

To determine if the ATR complex, RHR complex, and whether the appearance and disappearance of U-form
Claspin are required for Chkl phosphorylation in this DNA correlated with activation of Chkl, we examined
plasmid-based system, as they are for chromatin, we im- the relationship between the phosphorylation state of
munodepleted ATRIP, Radl, and Claspin from both cy- Chkl and the topology of DNA at these different con-
tosol and NPE (Fig. lB,C). Although aphidicolin induced centrations of aphidicolin. The phosphorylation of Chkl
robust Chkl phosphorylation in mock-depleted extracts, occurred within 10 min of the appearance of U-form
no detectable Chkl phosphorylation was observed using DNA and was stronger at higher doses of aphidicolin
extracts immunodepleted of ATRIP, Radl, or Claspin (Fig. 2). Furthermore, the phosphorylation of Chkl per-
(Fig. 1D,E). Moreover, addition of recombinant Claspin sisted as long as U-form DNA was present, and Chkl
to Claspin-depleted extracts restored Chkl phosphoryla- dephosphorylation followed the disappearance of U-form
tion (Fig. 1E). These observations demonstrate that the DNA. These observations indicate that there is a tem-
ATR-ATRIP complex, the RHR complex, and Claspin poral relationship between the unwinding of DNA in-
mediate the checkpoint induced by aphidicolin during duced by aphidicolin and Chkl phosphorylation. They
replication of plasmid DNA. are also consistent with a previous study demonstrating

a correlation between RPA accumulation on chromatin
and Chkl phosphorylation (Sheehter et al. 2004a).

Chkl activation follows aphidicolin-induced

DNA unwinding
To examine the relationship between DNA unwinding Replication of damaged plasmid DNA leads

and checkpoint activation, we monitored the topology of to uncoupling of helicase and polymerase activities

plasmid DNA on chloroquine gels in the presence of We previously showed that RPA accumulates on chro-
aphidicolin. Upon protein extraction, plasmids that have matin following UV irradiation and MMS treatment
been extensively unwound by a DNA helicase are ren- (Lupardus et al. 2002). One possibility is that this accu-
dered highly negatively supercoiled. Thus, they migrate mulation is due to the binding of RPA to ssDNA gener-
rapidly on agarose gels even in the presence of high con- ated during repair of the lesions. However, it is also pos-
centrations of chloroquine, which unwinds DNA upon sible that these lesions cause accumulation of ssDNA by
intercalation and causes compensatory positive super- inducing uncoupling of helicase and polymerase activi-
coiling in closed circular plasmids (Walter and Newport ties, as observed for aphidicolin (Walter and Newport

1042 GENES & DEVELOPMENT
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Mock 1.3 hiM 2.2 gM 4.3 gM 13.0 AM [Aphidicolin] Figure 2. Chk1 phosphorylation on S344

10'20'30'45'60'90' 10'20'30'45'60'90' 10'20'30'45'60'90' 10'20'30'45'60'90' 10'20'30'45'60'90' Time in NPE induced by aphidicolin correlates with
DNA unwinding. Plasmid DNA was incu-
bated in cytosol containing the indicated

..Coroquine Gel concentration of aphidicolin for 30 min,
Ohiorquin Gelthen added to NPE as in Figure IA. Parallel

samples were removed at the indicated
.-4-- U-form times and analyzed on chloroquine aga-

Chkl P-S344 rose gels and by immunoblotting for the
phosphorylation of Chkl. RPA70 was used
as a loading control.

2000). To distinguish between these possibilities, we hyperunwinding of DNA and are consistent with a role
asked whether U-form DNA was formed upon replica- for DNA hyperunwinding in activation of the DNA dam-
tion of plasmid DNA damaged by UV irradiation. We age checkpoint.
observed a dose-dependent formation of U-form DNA To determine if other forms of DNA damage can also
upon UV treatment (Fig. 3A). Inhibition of origin firing induce the functional uncoupling of helicase and poly-
with geminin completely abrogated the accumulation of merase activities, we examined the effect of the chemo-
U form in response to UV damage (data not shown). Im- therapeutic cis-platinum. Cis-platinum has been shown
portantly, the disappearance of U-form DNA correlated to induce ATR-dependent cell cycle arrest and Chkl
with increased DNA synthesis, as monitored by radiola- phosphorylation (Cliby et al. 1998; Zhao and Piwnica-
beled dCTP incorporation (Fig. 3A). This indicates that Worms 2001). First, we examined whether lesions gen-
loss of U-form DNA observed at 500 and 1000 J/m 2 can erated by cis-platinum treatment induced the functional
be attributed to DNA replication on the unwound uncoupling of helicase and polymerase activities. Upon
strand. Significantly, when the phosphorylation state of replication of plasmid DNA damaged with cis-platinum,
Chkl at S344 was examined in parallel, we found that significant accumulation of U-form DNA was observed
the phosphorylation of Chkl consistently followed the (Fig. 3B). Moreover, when the initiation of replication
appearance of U-form DNA (Fig. 3A). These observations was blocked with geminin, the formation of U-form
indicate that UV irradiation, like aphidicolin, leads to DNA was abrogated. No detectable level of U form was

A Mock 100 J/m 2  
500 J/m

2  1000 j/m2  1500 Jin2  UV Dose

10'15'20'30'45'60' 10'15'20'30'45'60' 10'15'20'30'4560' 10'15'20'30'45'60' 10'15'20'30'45'60' ime in NPE

Figure 3. DNA damage induces the func-
.. •tional uncoupling of MCM helicase and

Chl n Gel ;DNA polymerase activities. (A) UV dam-
....hlorouineGel age induces hyperunwinding and Chkl

- --- U-form phosphorylation on S344. A 6-kb plasmid
treated with the indicated levels of LV

•sm was added to cytosol to a final concentra-
WON .tion of 26 pag/mL. After 30 min incubation,

an equal volume of NPE was added.

Autoradiogram Samples were analyzed for phospho-Chkl
(S344) and RPA by immunoblotting at the
indicated times as described in Figure 2.
Replication was analyzed in parallel by in-

S• y Chkl P-S344 corporation of [as3P]-dCTP into plasmid

0 W RPA70 DNA followed by analysis on chloroquine
agarose gels and autoradiography. (B) Cis-
platinum induces replication-dependent

B Mock Cis-Platinum hyperunwinding of plasmid DNA and

- -- + + + 7- - -++ + Geminin Chkl phosphorylation on S344. A 6-kb
20140'60'20'40'60' 20'40'60'20'4060' lime in NPE plasmid either mock-treated or treated

- :with cis-platinum was added to cytosol to
- a final concentration of 15 pg/mL. NPE

Chloroquine Gel was added as in A. Geminin was added to
cytosol to achieve a final concentration of[--4---U-form 2 pM where indicated. Samples were
taken at 20, 40, and 60 min post-NPE ad-

33 ChkI P-S344 dition and analyzed as described in Figure
2. Total Chkl is used as the loading con-

- - - - - - - Chkl trol for the immunoblots.
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observed in samples containing mock-treated plasmid To directly test the hypothesis that MCM-mediated
DNA. When we examined the phosphorylation state of hyperunwinding is required to launch the checkpoint,
Chkl on S344 in parallel, we observed significant check- we allowed replication to initiate, and then stalled the
point activation upon replication of cis-platinum-treated elongating complex with aphidicolin in the presence and
plasmid DNA. No detectable level of Chkl phosphory- absence of helicase inhibitors. Briefly, chromatin was in-
lation was observed upon replication of the mock-treated cubated in cytosol to allow pre-RC formation, and it was
plasmid. It is notable that cis-platinum forms both intra- then mixed with NPE for 25 min at a reduced tempera-
and interstrand cross-links, the latter of which might be ture (19°C) to allow initiation of DNA replication but
expected to block unwinding and checkpoint activation, not completion of elongation (Fig. 4A). Although our pre-
However, the vast majority of lesions caused by cis-plati- vious data indicate that all origins fired during the low-
num are intrastrand cross-links (Kartalou and Essigmann temperature incubation (Pacek and Walter 2004), p27KI"

2001), and we expect that the predominance of these was added here and in all subsequent steps to ensure that
intrastrand lesions allows for sufficient uncoupling to no additional origins could fire. The partially replicated
induce the checkpoint. Taken together, these results chromatin was isolated and incubated with buffer, puri-
show for the first time that two DNA damaging agents fied Cdc45-neutralizing antibodies, or antibodies pre-
that induce ATR activation, UV and cis-platinum, cause mixed with recombinant Cdc45 protein. The treated
the uncoupling of helicase and polymerase activities that chromatin samples were then added to NPE containing
leads to DNA hyperunwinding. aphidicolin. Significant accumulation of RPA on chro-

matin and caffeine-sensitive Chkl phosphorylation on
S344 were observed with the buffer-treated chromatin

Inhibition of MCM-mediated hyperunwinding when aphidicolin was present, indicating that hyperun-
during elongation blocks Chkl phosphorylation winding and checkpoint activation had occurred (Fig.

The relationship between U-form DNA and Chkl phos- 4A, lanes 2,3). Importantly, treatment of the isolated
phorylation suggests that hyperunwinding may be re- chromatin with Cdc45 neutralizing antibodies signifi-
quired for checkpoint activation. Because aphidicolin, cantly reduced RPA accumulation and Chkl phosphory-
UV, and cis-platinum-induced hyperunwinding are de- lation (Fig. 4A, lane 4). However, preincubation of the
pendent on the initiation of DNA replication (Walter and neutralizing antibodies with recombinant Cdc45 protein
Newport 2000; data not shown), they may reflect uncou- restored RPA accumulation and Chkl phosphorylation
pling of the replicative DNA helicase from the stalled (Fig. 4A, lane 5). The loading of MCM7, ORC2, and
polymerase. We and others have recently shown that the Cdc45 onto chromatin was unaffected by any of these
MCM2-7 complex (Pacek and Walter 2004; Shechter et treatments. These observations show for the first time
al. 2004b), as well as the replication factor Cdc45 (Pacek that Cdc45-dependent hyperunwinding during elonga-
and Walter 2004), are essential for unwinding during tion is necessary for activation of Chkl following aphidi-
both the beginning and middle of S phase. These results colin treatment.
strongly support the hypothesis that MCM2-7 functions As an independent means of blocking hyperunwind-
as the replicative DNA helicase (Labib and Diffley 2001) ing, we inhibited the MCM2-7 complex. For these ex-
and that Cdc45 acts as a helicase cofactor (Masuda et al. periments we used an N-terminal fragment of the reti-
2003). noblastoma protein (Rb1'•°) that binds to MCM7 and

A B
Figure 4. MCM7 and Cdc45-mediated hyperunwinding Sperm chromatin + cytosol Sperm chromatin + cytosol
is required for Chkl phosphorylation. (A) Inhibition of 4 30 min 430 min
hyperunwinding and checkpoint activation with Cdc45 NPE NPE
neutralizing antibodies. Sperm chromatin was incubated 4 25 min m 25 min
with cytosol, NPE, and then p27"' as indicated. Isolated KIP KIP
chromatin was then treated with ELB buffer, Cdc45 neu- 415 mi 415 mn

Isolte hromtinIsolate chromatintralizing antibodies, or the same antibodies premixed Isolate chromatin sa cmn
r~dc45 rMCM7

with recombinant Cdc45 protein. After addition of Cdc45 ELB ELB ELB Rb R+b

treated chromatin into NPE, an aliquot was removed for E E E c c 4 4 4 4
analysis of Chkl as described in Figure IA. In parallel, a h aph
second aliquot was taken for chromatin isolation. Chro- NPE NPEap NPE NPE
matin-bound proteins (MCM7, ORC2, Cdc45, and MGM7 ,, MCM7
RPA34) were analyzed by immunoblotting with indi- •1111IR OCdc45 8-d . 45
cated antibodies. Aphidicolin (150 pM) was added to NPE
where indicated. (B) Inhibition of hyperunwinding and RPA34 - • - RPA34

checkpoint activation with Rb'"°°. Chromatin was iso- ftc wwmm ,up Chkl "w, vow Chkl
lated as in A, then treated with ELB, Rb-4 00 , or Rb' 4

°°
premixed with recombinant MCM7 protein. Aphidicolin -40 Chkl P-$344 Chk1 P-$344
(150 eM) and caffeine (5 mM) were added as indicated. - + - -caffeine O - + caffeine

Samples were taken and analyzed as described in A. 1 2 3 4 5 1 2 3 4 5
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inhibits DNA replication and aphidicolin-induced un- these experiments. The 0.8-kb plasmid was generated by
winding (Sterner et al. 1998; Pacek and Walter 2004). intramolecular self-ligation of a blunt-ended PCR prod-
DNA replication forks were synchronized during the uct, and the plasmid was shown to replicate when incu-
elongation phase of DNA replication as described above, bated sequentially in cytosol then NPE (data not shown).
Chromatin was isolated and mixed with buffer, Rb' 4 °°, In addition, this plasmid induced Chkl phosphorylation
or Rb 1" 0 0 that had been preincubated with MCM7 pep- on S344 following aphidicolin treatment in a geminin-
tide. Finally, NPE-containing aphidicolin was added. As sensitive manner (data not shown).
seen in Figure 4B, aphidicolin induced RPA hyperloading We found that the level of Chkl phosphorylation in-
(cf. lanes 1 and 2), and caffeine-sensitive Chkl phos- creased with increasing plasmid size when the plasmids
phorylation (cf. lanes 2 and 3). Importantly, Rb1- 4

11 in- were present on an equal molar basis (Fig. 5A). Interest-
hibited both RPA hyperloading and Chkl phosphoryla- ingly, we also found that the amount of Chkl phos-
tion (Fig. 4B, lane 4). Inhibition was reversed when Rb"°° phorylation was roughly proportional to the size of the
was preincubated with MCM7 peptide (Fig. 4B, lane 5). plasmid (Fig. 5A). Consistent with this, when the 9-kb
Taken together, these observations strongly suggest that and 0.8-kb plasmids were present on an equal mass basis,
in the context of a stalled DNA replication fork, MCM the levels of Chkl phosphorylation observed were com-
and Cdc45-dependent DNA hyperunwinding is neces- parable (Fig. 5B). These data strongly suggest that it is
sary for the phosphorylation and activation of Chkl. not the number of origins or replication forks that deter-

A
The amount of DNA unwinding determines the level 1• §000-

of Chkl activation induced with aphidicolin ' 8000-

7= 7000-
We previously showed that replication of a 3-kb plasmid 0 6000-E 0600
in the presence of aphidicolin results in extensive un- , T85000- 80'
winding (Walter and Newport 2000). Although we show Um 4-000

that functional uncoupling of DNA unwinding and DNA 200000

synthesis is required for checkpoint activation, it is not o 3000-

known if the entire region of hyperunwound DNA con- 0.8 kB 3 kB 9 kB

tributes to checkpoint signaling. In fact, previous obser-
vations in S. cerevisiae suggest that extensive unwinding B
may not occur. Specifically, EM studies indicate that the 800 bp 9 kB

amount of additional ssDNA generated at replication p--smid plasmIid
forks stalled with HU is -100 nucleotides (Sogo et al. 1 0.5 0.1 Molar Equivalents
2002). Consistent with this, CHIP studies show also that 1 5.6 1 1.1i i Mass Equivalents

uncoupling of Cdc45 and RPA from DNA synthesis is
minimal in wild-type yeast cells treated with HU (Katou U chki P-S34

et al. 2003). In addition, it has been suggested that the
number of functional replication forks may determine Clthe level of checkpoint activation in S. cerevisiae (Shi- . .+ . . . . . . . Aphidicolin
mada et al. 2002). 90'30' 60'90'90'30'60'90'30'60'90' Time in NPE

We sought to test the contribution of the unwound Figure 5. The amount of DNA unwinding determines the level
DNA to Chkl phosphorylation in the Xenopus system. If of Chk1 activation induced with aphidicolin. (A) Equal molar
the number of origins, and thus the number of replica- amounts of larger plasmids induce higher levels of Chkl phos-
tion forks, determines the level of checkpoint activation, phorylation than smaller plasmids. Equal molar amounts (-0.4

comparable levels of Chkl phosphorylation should be nM) of a 9-, 3-, or 0.8-kb plasmid were added to cytosol, then

lquantities NPE, as described in Figure 1, and aphidicolin was added to a
observed with aphidicolin when equal molar qfinal concentration of 30 pM. Samples were taken at 60 and 90of different sized plasmids are examined, assuming an min and analyzed for phospho-Chkl (S344) or total Chkl by
equal number of origins per plasmid. On the other hand, immunoblotting. The amount of DNA and level of Chkl phos-
if the unwound DNA contributes to checkpoint activa- phorylation was determined as described in Materials and
tion, then larger plasmids should produce a greater signal Methods. The amount of Chkl phosphorylation achieved per
with aphidicolin when added on an equal molar basis mole of each plasmid was calculated for each plasmid and
since these plasmids should have more unwound DNA graphed as shown. (B) Equal mass amounts of 0.8- and 9-kb
per mole of plasmid. plasmid DNA generate equivalent levels of Chkl phosphoryla-

To determine whether the unwound DNA contributes tion. Equal mass amounts of a 0.8- or 9-kb plasmid (- 0.2 pg/mL)

to Chkl phosphorylation, we tested three different sized or a fivefold greater amount of the 9-kb plasmid (-1 pg/mL) were
replicated in the presence of aphidicolin (30 pM) as described in

plasmids and compared the levels of Chkl phosphoryla- A. The amount of DNA was determined as described in Mate-
tion generated upon aphidicolin treatment. Plasmids of rials and Methods. Samples were taken at 30, 60, and 90 min
<10 kb are replicated via a single origin in Xenopus egg post-NPE addition and analyzed for phospho-Chkl (S344) oT to-
extracts (Lucas et al. 2000). Therefore, we initially used tal Chkl by immunoblotting. The molar and mass equivalents
equal molar amounts of a 0.8-, 3.0-, and 9 kb plasmid in of each plasmid are shown.
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mines the level of checkpoint activation, but rather the winding is not sufficient for activation of Chkl (Fig. 6A).
amount of unwound DNA. They also demonstrate that Importantly, however, the phosphorylation of Chkl
800 bp of unwound DNA is sufficient to induce the phos- strongly correlated with the extent of DNA replication,
phorylation of Chkl and that additional unwinding con- suggesting that the synthesis of DNA is necessary for
tributes to the extent to which Chkl is phosphorylated. checkpoint activation. Moreover, when 1.5 mM aphidi-

colin was added during S phase, we observed robust
checkpoint activation (Fig. 6B). This latter observation

Uncoupling of MCM helicase and DNA polymerase demonstrates that checkpoint activation can occur with
activities is not sufficient for checkpoint activation 1.5 mM aphidicolin if some DNA synthesis has already

Although we observed a temporal relationship between occurred.
U-form DNA and checkpoint activation, Chkl phos- As an alternative method of inhibiting DNA synthe-
phorylation consistently lagged behind U-form DNA by sis, we examined the effects of inhibiting Polk with the
at least 10 min with both UV and aphidicolin (Figs. 2, 3). monoclonal antibody SJK-132. SJK-132 has been shown
This indicates that DNA unwinding may be necessary, to specifically inhibit the DNA polymerase activity of
but not sufficient, to trigger the checkpoint. Since this Pola (Tanaka et al. 1982) and induce the phosphorylation
effect appeared to be more pronounced at higher UV and of Chkl in Xenopus egg extracts (Michael et al. 2000). If
aphidicolin doses, we examined the effect of further in- DNA synthesis is required for checkpoint activation, we
creasing the concentration of aphidicolin on checkpoint would expect that, like aphidicolin, partial disruption of
activation during replication of plasmid DNA. The addi- DNA replication with SJK-132 would activate the check-
tion of 15 pM aphidicolin induced robust Chkl phos- point by inducing an uncoupling event and allowing an
phorylation by the 30-min time point (Fig. 6A). However, adequate level of DNA synthesis. However, further in-
when aphidicolin was present at 150 or 375 pM, check- hibition would eventually result in loss of the check-
point activation was significantly delayed, and at a con- point, as observed for aphidicolin (Fig. 6A). Consistent
centration of 1.1 mM, Chkl phosphorylation was unde- with this hypothesis, the addition of SJK-132 to a final
tectable. Plasmid hyperunwinding was observed at all concentration of 44 pg/mL or 176 pg/mL induced signifi-
concentrations of aphidicolin tested, as determined by cant Chkl phosphorylation (Fig. 6C). However, upon ad-
the generation of U-form DNA, but replication was pro- dition of SJK-132 to a final concentration of 880 pg/mL,
gressively inhibited as the concentration of aphidicolin a dramatic decrease in the level of Chkl phosphorylation
was increased. The appearance of U-form DNA at high was observed (Fig. 6C). The addition of SJK-132 to a final
concentrations of aphidicolin indicates that hyperun- concentration of 880 pg/mL in crude interphase extracts

A 0 15 150 375 1100 Aphidicolin [gM]

15'30'45'60'90'15'30'45'60'90' 15'30'45'60'90'15'30'45'60'90' 15'30'45'60'90' Time in NPE

Chloroquine Gel

-4 -- U-form
Figure 6. Uncoupling of MCM helicase and DNA poly-
merase activities is not sufficient for checkpoint activa-
tion. (A) High concentrations of aphidicolin prevent 32P-dCTPS~incorporation
Chkl phosphorylation. Plasmid DNA was replicated as f l nrp,,atiol
described in Figure 1A. Aphidicolin was added to
achieve a final concentration as shown. Samples were .6 6 Chkl P-S344
analyzed for phospho-Chkl (S344) or total Chkl by im-
munoblotting at the indicated times. Replication was eoeeeaii ene... mome e% ea Ohkl
analyzed in parallel by incorporation of [B 2p]-dCTP into

plasmid DNA followed by analysis on chloroquine aga-
rose gels and autoradiography. (B) Addition of a high 15 150o 1500 added at 25' Aphidicolin [jiM]
concentration of aphidicolin in S phase induces imme- 10'20'30'40'60'80'100' 10'20'30'40'60'80'100' 10'20'30'40'60o'60100' Time in NPE
diate Chkl phosphorylation, The experiment was per-
formed as described in A using plasmid DNA except that song Chkl P-$344

aphidicolin was added to a concentration of 1.5 mM to ChkI
cytosol prior to NPE addition or 25 min post-NPE addi- 6650 eeeeeefl as Cfks
tion. (C) Monoclonal antibody SJK-132 can both activate
and block Chkl phosphorylation. A stock solution of C
SJK-132 (22 mg/mL stock) was added to crude interphase SJK-132
extract at 0.2%, 0.8%, or 4% v/v prior to chromatin Untreated 44 ig/ml 176 [igiml 880 gg/ml Aphidicolin
addition. Sperm chromatin was added to a final concen- 40' 60'80'100'40' 60' 80'100' 40' 60' 80'100' 40' 60' 80'100' 40' 60 80,100,

tration of 2000 nuclei/pL. Aphidicolin was added to a -Ch1 P-S344
final concentration of 100 pg/mL. Samples were taken at
the times shown and immunoblotted with antibodies to - ------ RPA70
phospho-Chkl (S344) and RPA70.
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also abrogated the Chkl phosphorylation that occurs in RNA/DNA primer synthesized by Polct. Importantly,
response to aphidicolin and UV-damaged chromatin the loading of RPA, Polu, Claspin, and ATRIP were un-
(data not shown). Importantly, significant RPA accumu- affected (Fig. 7). Taken together, these observations sug-
lation on chromatin was observed at all the concentra- gest that recruitment of RPA, ATRIP, and Polet is not
tions of SJK-132 examined, demonstrating that the loss sufficient for Radl chromatin binding or Chk1 phos-
of the checkpoint did not result from a lack of nuclear phorylation and that synthesis and elongation of a DNA
envelope formation, origin firing, or a failure to function- primer is necessary to recruit the RHR complex onto
ally uncouple helicase and polymerase activities (data chromatin for activation of Chkl.
not shown). Taken together, these data demonstrate a
requirement for DNA polymerase a in activation of the
ATR-dependent checkpoint, consistent with previous Discussion
observations (Michael et al. 2000). However, since
aphidicolin and SJK-132 inhibit DNA polymerase activ- Different forms of genotoxic stress can lead to activation
ity and not RNA primer synthesis (Yagura et al. 1983; of the ATR-dependent DNA damage checkpoint (Melo
Sheaff et al. 1991), these results further suggest it is the and Toczyski 2002). This raises the question of whether
DNA polymerase activity of Pola that is critical for each distinct lesion is directly recognized by checkpoint
checkpoint activation. proteins or whether these lesions are processed into a

common intermediate. Here we provide evidence that
functional uncoupling of MCM helicase and DNA poly-

DNA polymerase activity of Pol is needed for Radl merase activities occurs in response to multiple forms of
chromatin binding DNA damage and that this event is necessary to generate

We had previously shown that aphidicolin induces the a common DNA intermediate required for activation of
recruitment of the ATR and Radl checkpoint complexes Chkl during S phase. We also show that this uncoupling
onto chromatin in egg extracts (Lupardus et al. 2002). In event serves to increase the amount of checkpoint-acti-
order to determine how aphidicolin acts to block check- vating signal generated at each replication fork.
point activation at high concentrations (Fig. 6A), we ex-
amined the chromatin binding of both checkpoint pro-
tein complexes. When 25 pM aphidicolin was added to DNA damage induces uncoupling of helicase
extracts, robust Chkl phosphorylation was observed, and polymerase activities
and RPA, Polo, PCNA, ATRIP, Claspin, and Radl accu-
mulated on chromatin (Fig. 7). However, when the con- Previous studies suggest that ssDNA may be a critical
centration of aphidicolin was increased to 740 pM, Chkl intermediate for checkpoint activation and several stud-
phosphorylation and chromatin binding of Radl was ab- ies have shown that this structure accumulates follow-
rogated. This concentration of aphidicolin also blocks ing DNA damage (see above). However, it is not known
PCNA loading (Fig. 7; Michael et al. 2000; Arias and if this accumulation is necessary for checkpoint activa-
Walter 2005) by preventing adequate elongation of the tion or how the ssDNA is made. To explore the mecha-

nism by which ssDNA is generated following DNA dam-
age, we have analyzed the topology of DNA treated with

0 25 740 Aphidicolin [ýM] UV and cis-platinum in Xenopus egg extracts. We find
- Pola that plasmid DNA damaged with these agents undergoes

extensive, replication-dependent unwinding to generate
R 8PA70 a common DNA intermediate (Fig. 3). This intermediate

Chromatin ATRIP is also observed upon addition of aphidicolin (Fig. 2; Wal-
Bound ter and Newport 2000). These observations indicate for

SClaspin the first time that DNA unwinding and DNA synthesis

Radl can become uncoupled in response to DNA damage.
- PFrom our data, however, we cannot determine if the he-PONA licase and polymerase actually become physically un-

ChkI P-$coupled in the presence of aphidicolin or DNA damage.
Soluble Instead, this may be only a functional uncoupling

Chkl whereby the helicase and polymerase remain physically
coupled while the helicase continues to unwind DNA.

Figure 7. DNA polymerase activity of Polo is needed for Radi The observed uncoupling of helicase and polymerase
chromatin binding. Xenopus sperm chromatin (10,000 nuclei/ activities induced by UV irradiation and cis-platinum
iL) was preincubated in cytosol containing the indicated con- demonstrates that lesions formed by these agents have a
centrations of aphidicolin for 30 min, then mixed with an equal
volume of NPE. The chromatin was isolated 50 min later and greater inhibitory effect on the DNA synthesis machin-
bound proteins were analyzed by immunoblotting with the in- ery than on DNA unwinding mediated by the MCM he-
dicated antibodies. Prior to chromatin isolation, samples were licase. Consistent with these results, the T-antigen he-
taken and immunoblotted with antibodies to phospho-Chk1 licase, which is structurally similar to the MCM helicase
(S344) and Chkl. (Pape et al. 2003), was shown to display no detectable
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sensitivity to either UV lesions or N-2-acetylaminofluo- discordant synthesis of leading and lagging strands or
rene adducts when unwinding double-stranded DNA slower action of the polymerases during DNA replica-
substrates in vitro (Veaute et al. 2000). In contrast, pro- tion, but in any case, it shows that other mechanisms of
karyotic and eukaryotic replicative polymerases are creating an imbalance in the rate of DNA unwinding
blocked by lesions on DNA (Moore et al. 1981; Veaute et versus DNA synthesis can generate this common check-
al. 2000). Our results, along with the previous character- point-activating signal.
ization of the T-antigen helicase, suggest that the ability Another consequence of this uncoupling mechanism
to efficiently unwind many damaged templates may be a may be to create a threshold for checkpoint activation.
general characteristic of this enzyme class. Processes such as DNA repair and lesion by-pass may

allow DNA replication to occur efficiently at low levels
of DNA damage such that extensive uncoupling of DNA

Fnctionly uncouplctinge of MM helmicase unwinding and DNA synthesis does not occur and the
checkpoint is minimally induced. However, when the

of checkpoint activation
level of DNA damage exceeds the level that can be re-

Importantly, we provide the first direct evidence that paired or by-passed efficiently, significant stalling of
uncoupling of helicase and polymerase activities is nec- polymerases would occur, leading to functional uncou-
essary for activation of the checkpoint. Inhibition of un- pling of MCM helicase activity and strong, sustained
winding by addition of antibodies that neutralize Cdc45, checkpoint activation. This could provide the cell with
a putative cofactor for MCM activity, or by addition of a the ability to tolerate some level of DNA damage with-
fragment of Rb that binds to MCM7 and inhibits DNA out activating the checkpoint. It might also allow the
replication, prevents activation of the checkpoint (Fig. cell to respond to low but persistent levels of DNA dam-
4). Importantly, the MCM complex was inhibited during age or unreplicated DNA.
the elongation phase of DNA replication in these experi- One important issue to consider is whether this
ments. Thus, replication forks have already been as- mechanism of generating ssDNA occurs in eukaryotic
sembled and DNA synthesis initiated when the poly- cells. A study in yeast shows only a modest increase in
merase is stalled by aphidicolin. Since the replication the amount of ssDNA generated in response to HU (Sogo
fork is present under these conditions, these results sug- et al. 2002). This could indicate that only minimal un-
gest the signal does not emanate from the fork per se. coupling is possible and necessary for checkpoint activa-
Consistent with this hypothesis, we found that the ac- tion in yeast. However, because HU and aphidicolin in-
tivation of Chkl correlated with the amount of un- hibit DNA synthesis to different degrees and by distinct
wound DNA and not the number of replication forks mechanisms, it is also possible that the difference in the
assembled in the extract (Fig. 5). amount of uncoupling may reflect the level of polymer-

Thus, the checkpoint is a sensor that monitors the ase inhibition. Consistent with the idea that uncoupling
product resulting from a difference in helicase and poly- does occur in mammalian cells, treatment of human
merase activities (i.e., unwound DNA) rather than the melanoma cells with aphidicolin has been shown to in-
absolute rate of DNA replication. This strategy has sev- duce the formation of large regions (>20 kb) of ssDNA
eral advantages. First, the checkpoint should be more (Lonn and Lonn 1988). In addition, other studies in mam-
adaptable to different basal rates of DNA replication. For malian cells have demonstrated the accumulation of
example, the cell would not be susceptible to activation ssDNA (Scudiero and Strauss 1974; Stewart and Hristo-
of the checkpoint when a slowing of all S-phase pro- foridis 1987) or chromatin-bound RPA (Zou and Elledge
cesses result, such as might occur at low temperature, 2003) in response to various types of genotoxic agents.
under conditions of low energy, or when the replication Although further studies will be required to delineate
fork progresses through heterochromatin. Instead, the whether the observed accumulation of RPA and/or
checkpoint would only be activated in what might be the ssDNA occurs through the proposed uncoupling model,
more dangerous situation-when the activities of these these observations argue that a similar mechanism is
two enzymes become uncoordinated at the replication used in eukaryotic cells.
fork. Interestingly, two recent studies have shown a role for

Second, and perhaps more importantly, by converting the MCM complex in activating the ATR-dependent
lesions or other polymerase-slowing events into a com- checkpoint in mammalian cells (Cortez et al. 2004; Tsao
mon intermediate, a general solution exists for respond- et al. 2004). These studies show that depletion of MCM7
ing to a broad range of events that threaten genomic prevents Chk1 phosphorylation in response to DNA
stability. These events include multiple types of DNA damage or aphidicolin treatment (Cortez et al. 2004;
damage as well as other insults that do not cause DNA Tsao et al. 2004) and also causes a defect in the formation
damage, at least initially, but which interfere with coor- of ATR nuclear foci following UV (Tsao et al. 2004). Al-
dination between helicase and polymerase activities. In though a direct role for MCM7 in signaling to Chkl can-
accord with this idea, we have found that partial deple- not be ruled out, based on the role of the MCM complex
tion of Polut not only slows the rate of DNA synthesis, in functional uncoupling following both UV and aphidi-
but also causes the formation of unwound DNA and ac- colin treatment, these observations could also result
tivation of the checkpoint (T. Byun and K. Cimprich, from a failure to generate the checkpoint signal.
unpubl.). This checkpoint activation could result from a We also show that while unwinding is necessary for

1048 GENES & DEVELOPMENT



Helicase and polymerase uncoupling activates ATR

Chkl phosphorylation, it is not sufficient, and DNA syn- not necessary to trigger checkpoint activation and that
thesis by the Polct complex is needed. This result is based the minimal amount of unwound DNA required for
in part on the observation that high concentrations of checkpoint activation is 800 bp or less. This is consistent
DNA polymerase inhibitors, aphidicolin and SJK-132 an- with the idea that ssDNA generated during ongoing
tibody, blocked Chkl phosphorylation. Consistent with DNA replication can regulate the timing of origin firing
this idea, only those concentrations of aphidicolin that through ATR (Marheineke and Hyrien 2004; Shechter et
allowed DNA synthesis led to activation of Chkl, al- al. 2004a). However, we also show that the additional
though hyperunwinding was induced by all concentra- unwound DNA that is formed with larger plasmids can
tions of aphidicolin examined (Fig. 6A). Moreover, there contribute to the strength and duration of Chkl phos-
was a strong correlation between the timing of DNA phorylation. Thus, the generation of extensive regions of
synthesis and Chkl phosphorylation. This model is con- unwound DNA through this uncoupling event may pro-
sistent with findings in Schizosaccharomyces pombe vide the cell with a mechanism of amplifying the level of
that show a requirement for the DNA polymerase activ- Chkl phosphorylation that can be achieved per replica-
ity of Polc in preventing inappropriate entry into mitosis tion fork. Interestingly, we found that the amount of
with no DNA synthesis (Bhaumik and Wang 1998). What Chkl phosphorylation observed was roughly propor-
is not clear, however, is whether events downstream of tional to the amount of ssDNA that would be formed if
Pola DNA polymerase activity, such as PCNA loading, full uncoupling occurred with the different sized plas-
may still be necessary. mids. This suggests that unwinding is complete on each

At first glance, this result appears to be in conflict of the plasmids used. Indeed, when we examined the
with a previous study in Xenopus egg extracts, which extent of unwinding by electron microscopy of a 13-kb
concluded that DNA synthesis by the Polc complex is plasmid replicated in NPE system in the presence of
not necessary for checkpoint activation and that RNA aphidicolin, we observed that the entire plasmid had be-
primer synthesis is the critical checkpoint-activating come unwound (K. Mowrer and J. Walter, unpubl.). At
event (Michael et al. 2000). However, that conclusion present it is not clear if the increased level of Chkl phos-
was based on the ability of aphidicolin and SJK-132 to phorylation achieved with the larger plasmids is due
induce Chkl phosphorylation. Indeed, we found that solely to the longer regions of ssDNA, as the synthesis of
these agents did induce Chk1 phosphorylation at some additional DNA primers on this unwound DNA is still
concentrations, but that higher concentrations delayed possible. This model is supported by our previous obser-
and ultimately inhibited this event. Because RNA vation that Polcc accumulates on chromatin in response
primer synthesis is insensitive to aphidicolin (Sheaff et to aphidicolin (Michael et al. 2000; Lupardus et al. 2002)
al. 1991) and the monoclonal antibody SJK-132 (Yagura and DNA damage (Lupardus et al. 2002), although the
et al. 1983), our results argue that the RNA primer is not presence of additional primers has not been directly ob-
sufficient for Chkl activation and that extension of the served.
RNA primer by the aphidicolin-sensitive polymerase
subunit of Polct is necessary. Since even a very low level
of replication was sufficient to induce Chkl phosphory- Model for checkpoint activation
lation (Fig. 6A), it is likely that the potent inhibition of
DNA polymerase a needed to block Chkl phosphoryla- Taken together with other findings, our results suggest
tion was not achieved at the single time point and con- the following model for checkpoint activation, a major
centration examined in this previous study. determinant of which is the relationship between DNA

Finally, we find that Pola DNA polymerase activity is helicase and polymerase activities. In the absence of
necessary for loading Radl but not ATR onto chromatin. genotoxic stress, the rate of DNA unwinding is less than
These observations strongly suggest that the formation or equal to the rate of DNA synthesis, likely due to a
of ssDNA and the chromatin association of RPA and slower intrinsic rate of unwinding relative to DNA syn-
ATR are not sufficient for activation of Chkl. They are thesis. This limits the amount of unwound DNA during
also consistent with the observation that depletion of S phase and keeps checkpoint activation to a minimum.
Polu, which blocks all DNA synthesis, prevents RHR Upon perturbation of DNA synthesis by DNA damage or
loading (You et al. 2002), and they reinforce the idea that other inhibitors of DNA replication, however, the rate of
ATR and RHR loading are independent events (Kondo et unwinding becomes greater than the rate of DNA syn-
al. 2001; Melo et al. 2001; Zou et al. 2002; Lee et al. thesis, leading to a functional uncoupling of the MCM
2003). helicase from the replicative polymerases (Fig. 8). This

results in the creation of large regions of unwound

Functional uncoupling of helicase and polymerase ssDNA and leads to the accumulation of RPA, ATRIP,

activities amplifies the level of checkpoint activation and ATR on chromatin. As unwinding occurs, the Polk-
primase complex begins DNA synthesis on the unwound

Using different sized plasmids, we have also investigated DNA, creating an additional necessary component of the
the extent to which DNA unwinding contributes to ac- signal that recruits the RHR complex onto chromatin.
tivation of the checkpoint. Because a plasmid of 800 bp The induced proximity of the ATR and RHR complexes
can induce Chkl phosphorylation, we conclude that ex- at primer/template junctions then leads to Chkl phos-
tensive accumulation of ssDNA at the replication fork is phorylation.
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script) and 9-kb plasmids were amplified in DH5at and isolated
using the Maxi-Prep kit (Qiagen). For UV treatment, plasmid

RHR ATM ATM ATM DNA was diluted to 0.26 mg/mL and treated using a UV Stra-
ole 0talinker (Stratagene) at the specified dosage. For cis-platinum,

A - RPA R PR 0.3 mg/mL stock solution of cis-platinum was prepared in wa-
/6

n? / ter. The 6-kb plasmid (0.15 mg/mL) was incubated in TE con-
MCM taining 3 pg/mL of cis-platinum and incub at 37C for 23 h.complex complex lesion The DNA was ethanol precipitated, washed with 70% ethanol,

Rate te of., Rate of Rate of dried, and resuspended in TE to a final concentration of 0.3
MCMmediate DNA Synthe is MCM-mediated > DNA Synthesis

Unwinding Unwinding mg/mL.

To prepare the 0.8-kb plasmid, a PCR reaction was performedSlowed Replication Indoced by

Unperturbed S-phase DNA Damage or Inhibitors of using the following primers and pBS SK (-) as the template:
DNA Synthesis 5'-GCAGAATTCGCGTAATCATGGTCATAGCTGTT-3' and

Figure 8. Model for activation of the ATR-mediated check- 5'-TATGAATTCACATACCTCGCTCTGCTAATCCT-3'. The
DNA primers were phosphorylated at the 5' end with T4 poly-
nucleotide kinase prior to use. PCR was performed using Vent
polymerase in Thermo Pol Buffer with an annealing tempera-

Materials and methods ture of 55°C. After the PCR, the product was diluted 10-fold and

ligated using T4 ligase at 16'C overnight. The resulting product
Xenopus egg extracts was ethanol precipitated and separated in a 1. 1 % TAE agarose

Interphase extracts were prepared as described (Lupardus et al. gel in the presence of ethidium bromide (0.5 ng/mL). The band

2002). Membrane-free egg cytosol and NPE were prepared as that migrated at-600 bp was excised and gel extracted using the
described previously (Walter et al. 1998). Gel Extraction Kit (Qiagen). The eluate was precipitated in the

presence of glycogen and resuspended in 10 mM Tris at pH 8.0

Antibodies and recombinant proteins and stored at -20'C.
Aphidicolin (Sigma) was diluted in 10 mM PIPES at pH 7.4.

The 5' region of xATRIP encoding amino acids 1-107 was Plasmid replication was performed as previously described
cloned by PCR from Image clone 3402491 (GenBank BG020060) (Walter and Newport 2000). Samples were analyzed on 0.8%
with the following primers: 5'-GCGAATTCTATGTCTGC TBE agarose gels containing 4 pM chloroquine (Sigma) when
TAACCCCTTG-3' and 5'-TACTCGAGTTTATGAGCTACT analyzing U-form DNA. Otherwise samples were analyzed on
TGTTGTT-3'. The resulting PCR product was digested with 0.8% TAE agarose gels. DNA was visualized using SybrGold
EcoRI and XhoI and cloned into pGEX4T3 (Amersham Pharma- (Molecular Probes).
cia). The GST fusion protein was expressed at 30'C and purified
according to the manufacturer's instructions. The production of
Geminin and GST-p27 was previously described (Lupardus et al. Method for quantitating molar equivalents of plasmid DNA
2002). Recombinant His6-Claspin was expressed and purified as and levels of Chkl phosphorylation on S344
previously described (Kumagai and Dunphy 2000) using bacu- The amount of plasmid DNA was determined by replicating
lovirus provided by William Dunphy (California Institute of plasmid DNA by sequential addition to cytosol and then NPE,
Technology, Pasadena, CA). Rabbit polyclonal ATRIP and then analyzing samples 90 min post-NPE addition. Identical
Claspin antibodies were raised at Josman, LLC. Antibodies for samples containing geminin (2 pM) were also analyzed to sub-
Chkl (G-4 sc-8408) (Santa Cruz Biotechnology) and phospho Ser tract incorporation resulting from non-replication-associated
345 Chkl (Cell Signaling) are commercially available. Antibod- events. The samples were separated on a 1.1% TAE agarose gel,
ies used to immunodeplete and/or immunoblot for RadI (Lupar- dried, and subjected to autoradiography. The level of [c3 TP)-
dus et al. 2002) and ATR (Hekmat-Nejad et al. 2000) have been dCTP incorporation was determined by exposure of the gels to
previously described. The RPA70 antibody was provided by storage phosphor screens (Molecular Dynamics), scanning on
Peter Jackson (Stanford University, Stanford, CA). The mouse Typhoon 9410 (Amersham), and quantitation using Image
hybridoma used to produce SJK-132 was provided by Teresa Quant software (Molecular Dynamics). The level of Chkl phos-
Wang (Stanford University, Stanford, CA). SJK-132 was concen- phorylation was determined by immunoblotting with the phos-
trated using YM-10 Microcons (Millipore). pho 8344 Chkl antibody and measuring the luminescence on a

Lumi-Imager (Boehringer Mannheim), followed by analysis us-
Immunodepletions and chromatin binding ing the Lumi-Analyst software (Boehringer Mannheim).

Chromatin binding in NPE was performed as previously de-
scribed (Edwards et al. 2002). Immunodepletions (three rounds, Treatment of chromatin with Cdc45 neutralizing antibodies
1 h each) were carried out at 4°C with Protein A Sepharose and Rbi-4°a
beads (Amersham Pharmacia). The depletion of ATRIP and

Radl were performed using cross-linked antibodies prepared Procedures for isolation of chromatin and treatment with both
with dimethyl pimelimidate (Pierce) using the manufacturer's Cdc45 neutralizing antibodies and Rb 1 -40 have been previously
suggested protocol. Depletion of Claspin was performed with- described (Pacek and Walter 2004).
out cross-linking. Specific sera were used at a 1:1 or 1:2 ratio of
beads to serum. When depleting cytosol and NPE, the amount of
packed beads per volume extract was 0.5:1 to 1:1. Acknowledgments
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